The blade and sheath of a maize leaf are separated by a linear epidermal fringe, the ligule, and two wedge-like structures, the auricles. In plants homozygous for the null mutation, liguleless2-reference (lg2-R), the ligule and auricles are often absent or positioned incorrectly and the blade-sheath boundary is diffuse. This phenotype is in contrast to that of liguleless1-reference (lg1-R) mutant plants, which have a more defined boundary even in the absence of the ligule and auricles. Additionally, mosaic analysis indicates the lg2-R phenotype is cell-nonautonomous and the lg1-R phenotype is cell-autonomous. Using scanning electron microscopy we show that lg2-R 
The maize (Zea mays) leaf contains three regions. The majority of the mature leaf consists of the basal sheath and the distal blade. Positioned between these two regions is the ligular region, represented by a linear epidermal fringe, the ligule, and two wedge-like structures, the auricles. All three regions contain epidermal, ground, and vascular tissues that are continuous with each other but distinct in cell types and patterns (Sharman 1942; Sylvester et al. 1990 ). The ligular region therefore represents a boundary within the developing leaf primordium.
The developmental stages of the ligular region have been well characterized. The morphology and division pattern of ligular region epidermal cells were determined histologically (Sharman 1942) and by scanning electron microscopy (SEM) analysis (Becraft et al. 1990; Sylvester et al. 1990 ). Initially, cells in the position where the ligular region will develop divide anticlinally at a faster rate than surrounding cells, resulting in a preligule band of small cells across the primordium. Preligule band cells on either side of the midrib then divide periclinally. A ''wave'' of periclinal divisions toward the leaf primordium margins and midrib causes an epidermal ridge (ligular ridge) to arise that spans the width of the leaf primordium. The ridge develops into the ligule and cells distal to the ridge form the auricles. At maturity, the ligule and auricle cells are morphologically distinct from each other and from blade and sheath cells.
The transition from sheath to blade involves alteration not only in the epidermis but also in the pattern of the vasculature (Sharman 1942) . Throughout the leaf there is a single midvein with multiple lateral veins on either side. Within the blade, several smaller, intermediate veins exist between the laterals and these anastomose (join) at the ligular region. Consequently, the sheath has only one intermediate vein between each lateral vein.
Ligule development occurs within the larger context of leaf primordium development (for review, see Sylvester et al. 1996) . Clonal analysis shows that leaf founder cells initially divide equally to form the leaf primordium (Poethig 1984) . These divisions are polar, however, as cells at the future midvein position divide first and divisions then follow laterally around the meristem. Such sequential order of development is also observed for vein development. In the primordium, the first visible vein is the midvein, followed by the sequential appearance of the lateral veins, with the first developing closest to the midvein. Both the midvein and the lateral veins develop acropetally (base to tip). Intermediate veins branch from the lateral veins and develop basipetally (tip to base). They are visible only after their bracketing lateral veins have developed entirely to the leaf margins. In the context of vein formation, ligular divisions are first apparent while intermediate veins are developing basipetally (Sharman 1942; Becraft et al. 1990) . At this stage, epidermal differentiation is proceeding from tip to base but has not yet reached the ligular region.
Two unlinked recessive null mutants, liguleless1-reference (lg1-R) and liguleless2-reference (lg2-R), alter the development of the ligular region. lg1-R, located at position 11 on chromosome 2, removes the ligule and auricle in all but the uppermost leaves of the plant, where rudimentary ligule forms. Preligule band divisions can occur on lower leaves, however, they are only in the transverse anticlinal dimension . The boundary between the sheath and blade is at a position similar to that in wild type but is less distinct (Emerson 1912; Becraft et al. 1990 ). The lg1-R mutant phenotype is cell autonomous (Becraft et al. 1990 ) and LG1 may be involved in the reception and/or propagation of a ''make ligule/auricle'' signal that originates on either side of the midrib (Becraft and Freeling 1991) . LG1 shows sequence homology to a novel class of DNA binding proteins (squamosa-promoter binding proteins) and expresses in the developing ligular region (Moreno et al. 1997) .
lg2-R, located at position 101 on chromosome 3, has a less severe phenotype than lg1-R (Brink 1933; Harper and Freeling 1996) . lg2-R mutants lack ligule and auricle only on the lower-most leaves of the plant. On higher leaves, ligule and auricle begin to appear at the leaf margins and with each successive leaf the phenotype gradually becomes less severe. Where the ligule and/or auricle is lacking, the sheath can extend into the blade. Mosaic analysis shows that the lg2-R mutant phenotype is cell nonautonomous (Harper and Freeling 1996) , indicating the involvement of cell-cell signaling in LG2 function. Double mutant analysis and reciprocal dosage sensitivity studies between Lg1+ and Lg2+ suggest that these genes act in a common circuit of action (Harper and Freeling 1996) .
Here we describe the early morphological events leading to the development of the lg2-R mutant blade-sheath boundary. SEM analyses indicate that lg2-R mutant leaves do not form a normal preligule band and suggest that LG2 is functioning either at or before the time of preligule band divisions. We also present the cloning and initial expression studies of Lg2+. We cloned the Lg2+ gene by transposon tagging and it shows sequence homology to the basic leucine zipper (bZIP) class of transcription factors. It is most similar to a subclass of plant DNA-binding proteins characterized biochemically and hypothesized to function in diverse processes (Tabata et al. 1991; Kim et al. 1994; Liu and Lam 1994; Qin et al. 1994; Ulmasov et al. 1994; Zhang and Singh 1994; Zhang et al. 1995; Chengbin et al. 1996) . Lg2+ is the first reported gene within this group with an associated mutant phenotype. Reverse transcriptase (RT)-PCR analyses indicate that LG2 mRNA accumulation precedes that of LG1 mRNA.
Results

SEM of developing and mature lg2-R mutant leaves
A SEM study was undertaken to characterize the development of lg2-R mutant ligular regions as compared with wild-type siblings. In this study, we give leaves two designations-leaf number (L#) and plastochron number (P#). The leaf number was counted from the base of the plant toward the apex. Leaf number therefore indicates leaf position on the main axis of the plant. In contrast, plastochron number indicates the relative age of the leaf. The plastochron number was counted from the apical meristem toward the base of the plant. The most recently initiated leaf primordium was termed P1.
In wild type, no visible sign existed of ligule and auricle formation (Fig. 1A ) until an increased region of anticlinal divisions (Fig. 1B) occurred across the adaxial (inner) leaf surface. A subset of these cells then divided periclinally (Fig. 1C) to form an outgrowth of epidermal cells that will eventually form the mature ligule. These two stages of development, the increased anticlinal divisions followed by periclinal divisions, have been termed the preligule and ligule ridge stages ).
In developing lg2-R mutant leaves, the preligule band was often incomplete (Fig. 2A) . The number of cells within the preligule band decreased from margin to midrib and the band ended before the midrib. Similarly, during the ligule ridge stage the number of periclinal divisions decreased along the margin to midrib dimension (Fig. 2C) . The ligule ridge decreased in height until its appearance resembled that of the preligule band. Immediately distal, a group of small square cells was observed that had undergone more anticlinal divisions than surrounding cells (Fig. 2C, brackets) . This pattern, characterized by the ligule diminishing and then displacing into the blade region, was observed frequently in lg2-R mutant leaves.
The morphology of mature lg2-R leaves was consistent with the morphology of its developing leaves. A mature lg2-R mutant leaf 1 is shown in Figure 3A . At the margin, a small group of cells underwent anticlinal as well as some periclinal divisions, but a normal auricle and ligule did not form. This group of cells is likely part of the ligule region because of the distal blade and proximal sheath cell morphologies. On the remainder of the leaf, the transition from blade-like to sheath-like cells was less distinct. The characteristic blade cells apparent at the top of the figure (Fig. 3A) gradually gave way to the longer cells of the sheath. This is an example of a diffuse blade-sheath boundary. Figure 3B shows a mature lg2-R mutant leaf 4. A nearnormal auricle and ligule were evident at the margin. The ligule, however, gradually shortened from margin to midrib and finally stopped at the position of a lateral vein. A small group of cells with neither blade nor sheath morphology was found distally and on the midrib side of the vein. This group of cells was composed of small, rounded cells and was pushed up from the surface of the leaf suggesting both anticlinal and periclinal divisions occurred in this region. The vein along which the displacement occurred separated the shorter, more crenulated blade cells (on the margin side) from the longer, noncrenulated sheath cells (on the midrib side).
Identification and genomic cloning of a lg2 transposon-induced allele
A potential Mutator (Mu) transposon-induced allele of lg2, lg2-2757, was identified in a screen of selfed Mu active families (Harper and Freeling 1996) . To identify which Mu element caused the lg2 phenotype, a cosegregation analysis was performed. Genomic DNA from lg2-2757/lg2-R individuals and +/lg2-R siblings was digested with a number of different restriction enzymes. South- ern blots were then hybridized sequentially with probes representing the unique interior sequence of the autonomous element MuDR and the nonautonomous elements Mu1, Mu3, Mu4, Mu5, and Mu8. The Mu8 probe hybridized to a 5.5-kb EcoRI restriction fragment that cosegregated with the lg2-2757 allele (data not shown). We cloned this fragment of DNA because EcoRI does not have a recognition site within the Mu8 element, thereby yielding unique flanking sequences.
A size-fractionated genomic bacteriophage library was made from a lg2-2757/lg2-R mutant individual and ∼750,000 clones were screened with the Mu8 probe.
Fourteen positive clones were identified and grouped by restriction mapping. For each class of clones, a probe representing non-Mu8 DNA was hybridized to the original segregating family Southern blots. A clone (Fig 4C; lg2.2757.EE) was identified containing a 1.2-kb EcoRIBamHI fragment (Fig 4D; lg2.2757.EB) that hybridized to the same 5.5-kb fragment as the Mu8 element.
Linkage to other lg2 mutant alleles
To insure that the lg2.2757.EE genomic clone represented part of the lg2 locus and not a linked locus, independently derived lg2 mutants were analyzed. Five lg2 mutations were recovered from Mu-directed tagging experiments. Mutant lg2-902 was identified in a screen of 10,000 plants (L. Harper and M. Freeling, 2 in a separate screen of 18,000 plants. All alleles have a phenotype similar to lg2-R. After two introgressions into the inbred line W23, lg2-229.1 expressed a dramatically milder phenotype. Initial characterization of the lg2-229.1 allele shows a Mu element insertion in the first intron of the gene.
Genomic DNA from the five putative Mu-induced alleles and their respective progenitor alleles was digested with the restriction enzymes EcoRI, BamHI, XhoI, and BglII. Southern blots were hybridized to either the lg2.2757.EB probe or a 1.7-kb BglII-EcoRI probe ( Fig. 4D ; lg2.2757.BgE). In all cases the new mutant allele is different from the wild-type progenitor allele (Fig. 4A) . lg2-902, lg2-228, lg2-229.1, and lg2-229 .2 carry some form of rearrangement or insertion and lg2-219 is a deletion. Restriction mapping places the lg2-902 and lg2-229.1 lesions 5Ј and the lg2-229.2 lesion 3Ј of the lg2-2757 allele LG2 functions early during ligule development
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Cold Spring Harbor Laboratory Press on October 26, 2017 -Published by genesdev.cshlp.org Downloaded from Mu8 insertion (Fig. 4B) . The end points of the lg2-219 deletion allele have not been mapped. Neither the lg2.2757.EB nor the lg2.2757.BgE probes, however, hybridized to lg2-219 DNA. Both probes hybridize less intensely to other restriction fragments-an example is in Figure 4A (c)-indicating Lg2+ is part of a gene family.
Identification of a LG2 cDNA and genomic clones
To identify possible coding sequences, ∼400 bp from the 5Ј and 3Ј ends of the lg2.2757.EE genomic clone were sequenced. On the basis of a potential 240-bp open reading frame (ORF), two primers (lg2.1 and lg2.2) were synthesized for a PCR assay ( Fig. 4D; lg2 1. 2). Using a PCR product amplified from the lg2.2757.EE clone as a probe ( Fig. 4D ; lg2 1.2), ∼1.5 million cDNA clones were screened and six positive hybridizing clones identified. Sequence at the 3Ј ends of four of the cDNA clones was identical over 360 bp. Three clones revealed two potential polyadenylation sites 39 bp apart (Fig. 5) . The longest of these clones (1825 kb) was sequenced in its entirety. The longest ORF predicts a protein of 531 amino acids (Fig. 5) . The nucleotide context of the first methionine, GCCAUGG, is identical to the PuCCAUGG Kozak consensus sequence (Kozak 1989) . The cDNA contains a short 5Ј untranslated sequence of 5 bp and a 3Ј untranslated sequence of 226 bp.
To analyze further the structure of the gene, two lg2 genomic BamHI fragments were cloned from the inbred line B73 (Fig. 4C, B73 .7 and B73.4). When combined with the lg2.2757.EE genomic clone, the genomic region of the cDNA is almost covered. A 750-bp PCR product (lg2 42.34) was generated to derive contiguous sequence (Fig.  4C ). Comparing genomic DNA and cDNA sequences identified 11 introns (Fig. 5) , all with 5Ј and 3Ј consensus splice sites. Intron sizes (Fig. 5) were determined by sequencing or in the case of introns 1, 4, and 10 by comparison of genomic PCR product size with the cDNA.
Alignment of the genomic sequence with the 5Ј end of the cDNA sequence allowed the identification of a potential promoter region (Fig. 5) . Putative TATA (TTT-TATATA) and CAAT boxes (TAACC) are present 49 and 89 bp, respectively, upstream of the start of the cDNA sequence (Fig. 5) . Four adenines, representing potential transcription start sites, are present 14, 20, 27, and 29 bp downstream of the putative TATA box. These differ from the consensus start of transcription, Py 2 CAPy 5 , by 1, 2, 3, and 3 bp, respectively. The presence of consensus promoter elements, transcription start sites and a translation initiation codon suggests, but does not prove, that the sequence in Figure 5 shows the complete LG2 mRNA.
The LG2 cDNA has homology to the bZIP class of transcription factors
A homology search of the GenBank database using the BLAST algorithm (Altschul et al. 1990 ) identified the LG2 protein as a member of the bZIP class of transcription factors. The leucine zippers facilitate homo-and/or heterodimerization through hydrophobic interactions, and the adjacent basic domains bind to specific DNA sequences. The LG2 basic domain (residues 224-248) is almost identical to a plant subgroup of bZIP proteins (Fig. 6A) , which is similar to a wide range of eukaryotic bZIP proteins (Fig. 6B,C) . Within this subgroup, strong homology with LG2 continues through the leucine zipper and ends at the second to last exon of LG2 (residues 252-502). No proteins within the GenBank database show homology to the 224 amino-terminal residues and the 29 carboxy-terminal residues of LG2.
RT-PCR analysis of LG2 and LG1 mRNA in wild-type and mutant developing ligular regions
To correlate LG2 mRNA expression with ligule and auricle development, RT-PCR was used to detect LG2 mRNA in developing ligular regions of wild-type, homozygous lg1-R (deletion allele), and homozygous lg2-219 (deletion allele) plants.
LG2 mRNA was detected in wild-type and lg1-R fractions (Fig. 7A) . The expression is LG2 specific because no message was detected in the lg2-219 samples.
To determine if LG1 mRNA expression is affected by the absence of LG2, we performed the complementary experiment.
LG1 mRNA expression in wild-type and homozygous lg2-219 plants was compared. LG1 expression is specific because no message was detected in the lg1-R samples.
LG1 mRNA was detected in wild-type and lg2-219 fractions. In wild type, LG1 mRNA expression is restricted to leaf primordia undergoing preligule band and ligule ridge divisions (Fig. 7B). LG1 wild-type expression was assayed previously by RT-PCR (Moreno et al. 1997) , but the youngest developmental fractions included leaf primordia undergoing preligule band divisions. Therefore, the first developmental time at which LG1 mRNA is expressed could not be determined.
Discussion
The blade-sheath boundary incompletely forms in lg2-R mutants
The involvement of LG2 in the normal development of the blade-sheath boundary has been studied previously genetically (Harper and Freeling 1996) . To determine when LG2 acts in development we examined the developing ligular region of lg2-R mutant plants. We used SEM analysis to compare the development of lg2-R mutant plants with wild-type siblings. The first visible alteration is the preligule band (anticlinal divisions), which is apparent at the primordium's margins but does not extend across the full width of the primordium. Consequently, altered ligule ridge (periclinal divisions) and mature ligule develop. Compared to wild type, these truncated structures do not develop equally across the leaf's width. Additionally, patches of ligule and auricle sometimes displace along lateral veins. All these disturbances may be explained if LG2 functions at or before preligule band divisions. The above lg2-R mutant phenotypes are the result of perturbations in the initial establishment of the preligule band.
An incorrectly established preligule band could explain the longitudinal displacement, as well as the lateral decrease in the extent of ligule/auricle development in lg2-R leaves. The phenotypes could be the result of either incorrect positioning or a slight delay in normal ligule and auricle development, resulting in an uncoupling from the overall development of the leaf primordium. As reviewed in the introduction, several developmental events within the leaf primordium occur temporally along both the lateral and longitudinal dimensions. If a leaf primordium's ligule and auricle development are not synchronous with other developmental events, then cells may not be equally competent to interpret or carry out determination and differentiation processes. The result is mature structures that do not develop equally and appear at displaced positions. Further investigation is clearly needed to test this hypothesis and to determine the mechanisms.
lg2-R mutant plants also have a tassel phenotype. Preliminary observations show a reduction in lateral tassel branching and the elongation of the upper vegetative internode can be suppressed. We are able to detect LG2 mRNA in immature tassels by RT-PCR. This phenotype suggests that Lg2+ may be involved both in the later events of vegetative development and the early events of inflorescence development.
lg2 encodes a bZIP transcription factor
We cloned the lg2 locus via Mu transposon tagging and confirmed its identity by independently derived mutant alleles.
LG2 shows sequence homology to the bZIP transcription factor class of proteins.
LG2 is most similar to a subclass that has been found in a wide range of plant species including Arabidopsis (Kawata et al. 1992; Schindler et al. 1992a; Zhang et al. 1993; Miao et al. 1994; Xiang et al. 1995) , wheat (Tabata et al. 1991) , tobacco (Katagiri et al. 1989) , fava bean (Ehrlich et al. 1992) , potato (Feltcamp et al. 1994) , and maize ). Members of this group were first identified by their ability to bind similar promoter sequences, or by having sequence homology to each other. This bZIP subclass binds promoter sequences that include the octopine synthase (ocs) element within some Agrobacterium promoters, the activation sequence (as-1) within the CaMV 35S promoter and the hexamer (hex) motif of wheat histone gene promoters. A 20-bp DNA-binding consensus sequence has been identified (Bouchez et al. 1989 ) that is similar to the cAMP response element (CRE) (Lin and Green 1988) .
Not only does their binding specificity characterize this subclass but so does their dimerization specificity. This group of bZIP proteins can form homodimers but cannot heterodimerize with another large subclass of plant bZIP proteins called the G-box-binding factors (Ta- LG2 bZIP domain is compared with closely related plant proteins (Katagiri et al. 1989; Tabata et al. 1991; Ehrlich et al. 1992; Foley et al. 1993; Feltkamp et al. 1994; Xiang et al. 1995) .
(B)
The LG2 bZIP domain is compared with other bZIP-containing plant proteins (Hartings et al. 1989; Schmidt et al. 1990; Schindler et al. 1992a ). (C) The LG2 bZIP domain is compared with two mammalian bZIP proteins (Hoeffler et al. 1988; Bohman et al. 1987) . Identical amino acids are indicated by dashes, and the leucine residues within the leucine zipper by asterisks and boldface type. bata et al. 1991; Schindler et al. 1992) . Sequences outside of the leucine zipper contribute to dimerization specificity (Katagiri et al. 1992) . Carboxy-terminal sequences stabilize dimerization and a full-length protein cannot dimerize with a protein lacking these sequences. LG2 has homology within the bZIP region as well as the carboxy-terminal regions of this group of proteins. Regions of LG2, however, are unique. It is therefore unlikely that an ortholog has been cloned from another species.
Although many plant bZIP proteins have been identified, few have a corresponding mutant phenotype. The first plant bZIP protein to be assigned a biological function by association with a mutant phenotype was the maize protein OPAQUE2 (Hartings et al. 1989; Schmidt et al. 1990 ). Possible functions for proteins in the subclass of bZIPs that LG2 is a member of have been proposed by studying the cis-binding sequences either transgenically, through fusions with reporter genes, or by studying plant genes with promoters containing the consensus sequence. Hypothesized functions include transcriptional regulation of plant histone (Tabata et al. 1991) and GST genes (Ulmasov et al. 1994; Zhang et al. 1995; Chengbin 1996) as well as auxin, salicylic acid, and methyl jasmonate responses (Kim et al. 1994; Liu and Lam 1994; Qin et al. 1994; Zhang and Singh 1994; Chengbin 1996) . The Lg2+ gene has the first published mutant phenotype associated with this group of proteins and adds a developmental function to the above list.
Two family members have been cloned previously from maize, OBF3.1 and OBF3.2 ). These two proteins are closely related and share 95.8% similarity over 338 amino acids. LG2 shares 57% similarity to OBF3.2 over 291 amino acids. We have cloned a fourth member (J. Walsh and M. Freeling, unpubl.) that is more similar to LG2 than to either OBF3.1 or OBF3.2. To obtain mapping information, Foley and coworkers (1993) used the OBF3.1 cDNA as a probe onto recombinant inbred lines. The probe hybridized with four restriction fragments, two of which gave a polymorphism. The two fragments mapped to two separate loci, one on chromosome three at position 105 and another on chromosome eight at position 075. They were unable to find gene specific probes and therefore were unable to determine if either of their clones mapped to these positions. The lg2 locus mapped by a three-point cross to chromosome 3 at position 101 (Brink 1933) and may therefore represent the locus on chromosome 3. The maize chromosomes 3 and 8 show colinearity of homeologous sequences (Helentjaris et al. 1988 ) that may be the result of an ancient segmental allotetraploidy event (Gaut and Doebley 1997) . Given the mapping data, it is possible that lg2 has a closely related family member on chromosome 8 and possibly one on chromosome 3. Whether or not the putative ancient duplication gene is cloned, and whether it is functional, remains to be determined.
The identification of LG2 as a member of a bZIP protein family, raises the possibility that the ligule and auricle structures present in lg2 mutants result from related genes either compensating or having a functional redundancy. Functional redundancy can be of particular importance in maize because of its ancient duplication (Gaut and Doebley 1997) . In maize, two proteins can jointly perform the functions of a single protein in another plant species (Mena et al. 1996) . Consequently, if one gene is mutated then the resulting phenotype can be less severe then if an orthologous gene was mutated in another species. Within animals, compensation has been seen for a number of transcription factor gene families, including CREB/ATF (Hummler et al. 1994; Blendy et al. 1996) and myogenic HLH transcription factors (Rudnicki et al. 1992) . If LG2 family members can restore the formation of ligule and auricle structures in lg2 mutants then this ability must be incomplete or we would not observe the recessive mutant phenotype. Another possibility for the ligule and auricle structures in lg2 mutant plants is transposon mosaicism. This possibility is discounted because ligule and auricle are present in plants with a deletion of the lg2 gene.
LG2 and LG1 may act in a common pathway RT-PCR analysis indicates that LG2 mRNA accumulation precedes that of LG1 mRNA. Harper and Freeling (1996) showed that the lg1-R and the lg2-R mutant phenotypes are sensitive to the wild-type dose of the reciprocal gene, suggesting that they act temporally close to each other. Taken together, these data suggest that LG2 functions before LG1. Our data, however, also show that LG2 mRNA accumulation is neither sufficient nor necessary for LG1 accumulation.
The specific role of LG2 in the definition of the bladesheath boundary and its associated structures is still under investigation. We can begin to place its function within development. The cell nonautonomous phenotype (Harper and Freeling 1996) of LG2 indicates it is functioning in a cell-cell signaling pathway. The identification of LG2 as a transcription factor suggests a downstream signaling function. Recent reports, however, show that some plant transcription factors can move from cell to cell (Lucas et al. 1995; Perbal et al. 1996) . Whether or not LG2 protein is moving or a downstream molecule is involved in the signaling process needs to be determined. SEM analysis implicated LG1 in early stages of ligule and auricle determination and mosaic analysis experiments suggested that it has a role in the propagation or reception of a ''make ligule/auricle '' signal (Becraft and Freeling 1991) . Our expression data is consistent with the idea that LG2 functions before LG1.
LG2 may induce the make ligule-auricle signal either by further defining the blade-sheath boundary or by being directly involved in induction of the preligule region.
Materials and methods
Alleles lg2-R is a spontaneous mutation (Brink 1933) obtained from the Maize Genetics Stock Center. lg2-2757 (also called lg2-rb) was recovered in a screen of families from selfed Mu active plants. lg2-219, lg2-228, lg2-229.1, lg2-229.2, and lg2-902 were obtained from two directed Mu tagging experiments. We crossed lg2-R/
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lg2-R pollen with +/+ Mu active ears. The progeny was then screened for the rare liguleless plant. A mutation in the wildtype progenitor allele, in combination with the mutant reference allele, results in the mutant phenotype. lg1-R is a spontaneous mutation (Emerson 1912) obtained from the Maize Genetics Stock center.
SEM
Dissections were done on 3-week-old seedlings from a population segregating 1:1 for lg2-R mutant plants and their wild-type siblings in the Mo17 inbred background. Plants were grown in the greenhouses of University of California at Berkeley. Dissections were performed under a dissecting microscope. Leaves were counted in succession, beginning with leaf one and continuing to the apex of the meristem, so that each leaf could be assigned both a leaf and a plastochron number. Each leaf was removed by slicing along the midrib and then gently severing the leaf's nodal attachment. Leaves were then unrolled onto an adhesive surface with the adaxial surface up. Casts and molds of the leaf surfaces were made as described by Sylvester and coworkers (1990) . Casts were mounted on aluminum stubs with epoxy glue, coated with 25 nm of gold-palladium with a Polaron sputter coater, and observed using a Topcon ISI DS130 SEM operating at an accelerating voltage of 10 kV. All images are composite images, assembled from two or more 3 × 4-inch SEM Polaroid negatives. Negatives were scanned using a flatbed scanner at 600-800 ppi, then assembled on Adobe Photoshop 4.0.
DNA isolation and Southern analysis
Maize genomic DNA was isolated from seedling and adult leaf tissues as described (Lisch et al. 1995) . Southern analysis was performed with the following modifications according to Schneeberger et al. (1995) . The hybridization solution contained 6× SSC, 2 mM EDTA, 10 mM Tris/HCl (pH 7.5), 5× Denhardts, 0.2 mg/ml of salmon sperm DNA, 20 mM sodium phosphate buffer (pH 7), and 1% N-lauryl-sarkosyl. Blots were washed to a final stringency of 0.1× SSC and 0.1% SDS at 65°C. A 530-bp DNA fragment internal to the Mu8 terminal inverted repeats was used for the Mu8 probe. The lg2 probes (lg2.2757.EB and lg2.2757.BgE) are described in Figure 4D .
Genomic cloning
Three genomic libraries were made. For the first library, DNA from a lg2-2757/lg2-R mature leaf was digested with EcoRI and enriched by gel electroelution for 5.5-kb fragments. The library was constructed in EcoRI predigested Zap II (Stratagene) vector and packaged using Stratagene's Gigapack packaging extracts. Nylon or nitrocellulose lifts were hybridized at 65°C with the Mu8 probe and washed with 0.1× SSC and 0.1% SDS. Stratagene's in vivo excision method was used to generate the lg2.2757.EE insert in the pBluescript SK− vector. Two separate size-fractionated genomic libraries were made from the maize inbred B73. Immature ear DNA was digested with BamHI and two fractionations of 4 and 7 kb were isolated by gel electroelution. Both libraries were constructed in the BamHI predigested Lambda Zap Express vector (Stratagene). The 7-kb library was screened with a radio-labeled 5Ј cDNA probe (Fig. 5, nucleotide 131-880 ) and the 4-kb library was screened with a 3Ј cDNA probe (Fig. 5, nucleotide 1538-1956 ). In vivo excision resulted in the B73.7 insert and B73.4 insert (Fig. 4D) within the pBK-CMV vector.
PCR was used to amplify a 750-bp product from B73 genomic DNA that contains sequences not included in the above genomic clones. The primers used were 5Ј-caaagtcgctaggagcgcag and 3Ј-gttttacaccctccctcaccagg. The product was purified by gel electroelution.
cDNA cloning
As we were not certain of the site of LG2 mRNA expression we chose to make a cDNA library from tissues that included developing ligule and auricle regions. Two-week-old B73 seedlings were dissected by removing the first two leaves and then cutting the seedling below the meristem and above the developing ligule of leaf three. The remaining tissues included the meristem and 9-10 whole or partial leaf primordia with their ligular regions at different stages of development. Total RNA and Poly(A) + RNA were isolated according to Kloeckener-Gruissem and coworkers. (1992) . The cDNA library was constructed using the Lambda Zap II cDNA Synthesis Kit (Stratagene). Primary clones were screened, as described above for the genomic libraries, with the lg2 1.2 probe (Fig. 4D) . The lg2 1.2 DNA fragment was obtained by PCR (primer 1, gcagtcagtagggagcaccggca; primer 2, gcgggtggtgctgctgaaagctc) using the lg2.2757.EE clone as template. Clones were in vivo excised into the pBluescript SK− vector.
RT-PCR
RT-PCR analysis was performed on RNA isolated from 16-dayold plants. We used wild-type and mutant plants homozygous for either the lg2-219 deletion allele or the lg1-R deletion allele. Leaf primordia (leaf 4-6; plastochron 6-8) were removed from the shoot and cut 5 mm above their base. The primordia were then cut on either side of the thickened midrib region. The midrib regions of all three plastochrons were pooled, as were the marginal regions. The meristem and remaining five plastochrons were used as a third sample. This dissection resulted in three fractions-the margins of primordia undergoing preligule (anticlinal) and ligule ridge (periclinal) divisions, the midribs of the same primordia, and a third fraction that includes the meristem and leaf primordia at stages before the preligule band divisions. RNA was isolated as described previously (Moreno et al. 1997) for RT-PCR analysis.
RT-PCR was used to detect LG2 and LG1 mRNA. A UBIQ-UITIN RT-PCR reaction was done on all mRNA samples to confirm their integrity (data not shown). The LG2 and LG1 reverse transcription reactions were performed on 2 µg of total RNA and the UBIQUITIN reactions on 0.5 µg. The LG1 and UBIQUITIN reactions were performed as described previously (Moreno et al. 1997) . The same conditions were used for the LG2 reactions. A Lg2 3Ј untranslated primer (gttttacaccctccctcaccagg) was used in the RT reaction. The PCR reaction was done with a 5Ј primer (tcaacaggccgacaatctaaggc) and a nested 3Ј primer (gtgaggcctcaaaatccggc) such that the product spans intron 11. The RNA product is 248 bp and any contaminating genomic DNA is 458 bp. RT-PCR reactions were run on 1.5% agarose gels, Southern blotted, and then hybridized with specific radio-labeled probes.
Sequencing
Plasmid DNA used in sequencing reactions was obtained from overnight liquid cultures using Qiagen's QIAprep spin miniprep kit. Sequencing was done at the U.C. Berkeley DNA Sequencing Facility with an Applied Biosystems automated sequencer.
